The synthesis of core-shell star copolymers via living free radical polymerization provides a convenient route to three-dimensional nanostructures having a poly(ethylene glycol) outer shell, a hydrophilic inner shell bearing reactive functional groups, and a central hydrophobic core. By starting with well-defined linear diblock copolymers, the thickness of each layer, overall size/molecular weight, and the number of internal reactive functional groups can be controlled accurately, permitting detailed structure/performance information to be obtained. Functionalization of these polymeric nanoparticles with a DOTA-ligand capable of chelating radioactive 64 Cu nuclei enabled the biodistribution and in vivo positron emission tomography (PET) imaging of these materials to be studied and correlated directly to the initial structure. Results indicate that nanoparticles with increasing PEG shell thickness show increased blood circulation and low accumulation in excretory organs, suggesting application as in vivo carriers for imaging, targeting, and therapeutic groups.
Introduction
The ability to control the structure and composition of nanomaterials is of great importance in the development of nanomedical tools for the diagnosis and treatment of many diseases, 1,2 as their size, composition, physical properties, and surface chemistry influence the behavior of nanomaterials in vivo. 3 To understand and fine-tune these parameters, appropriate synthetic strategies need to be developed, which will allow for the preparation of multifunctional nanostructures. For example, the short lifetime of systemically administered small molecules in the bloodstream can be lengthened significantly by conjugating hydrophilic polymers, especially poly(ethylene glycol) (PEG). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Although the mechanism responsible for the prolonged blood circulation time of PEGylated systems is controversial, 15 it is generally agreed that the PEG chains form a protective layer, interfering with opsonin adsorption and complement activation and thereby slowing their recognition by the macrophages of the mononuclear monocyte system (MPS). 3, 11, 16, 17 PEGylation, therefore, is an attractive peripheral modification to tune blood circulation lifetimes, which is of paramount importance in the development of novel biomaterials for medical applications.
A variety of different nanostructures has been examined for in vivo applications. For example, micelles have been investigated for drug delivery applications, [18] [19] [20] [21] [22] [23] [24] where the hydrophobic assembly of amphiphilic polymers or surfactants in water can effectively encapsulate hydrophobic drugs. However, their use in vivo raises concern due to the reversible nature of micelle formation, leading to a possible instability of these systems at concentrations below their critical micelle concentration (CMC). 25, 26 The CMC of polymeric amphiphiles depends on several factors, including size, composition, relative hydrophobic and hydrophilic block lengths, pH, and temperature. 25, 26 To overcome CMC restrictions, covalent stabilization of micelles through core or shell cross-linking has been explored to enhance the capabilities of micelles as drug delivery agents. [27] [28] [29] [30] [31] [32] [33] [34] An alternative to these micelle-derived systems are star copolymers, where linear polymer chains are covalently linked to a central core giving rise to a three-dimensional nanostructure. The particular star copolymers, studied herein, have a similar structure to core-cross-linked micelles in their form, but differ in that all "arms" are covalently conjugated to a microgel core during a controlled polymerization step, allowing for the production of polymeric nanostructures with a large range of functional groups and monomer building blocks. For example, fully hydrophilic, heteroarm, and block copolymer star nanostructures can be prepared directly without any limitations or postassembly modifications that might occur or be required for a self-assembly process. Star-like copolymers have been synthesized by various living free radical polymerization methodologies based on an arm-first approach, such as copper-mediated atom transfer radical polymerization (ATRP), [35] [36] [37] nitroxide-mediated radical polymerization (NMP), [38] [39] [40] (N,N-diethyldithiocarbamyl)-methylstyrene-mediated radical polymerization, 41 as well as ionic polymerizations. [42] [43] [44] [45] [46] Radical polymerization techniques are preferable to other polymerization techniques because of their high functional group tolerance and the ability to introduce a variety of different functional groups orthogonally, allowing for the polymerizations of several different monomers. 47 In designing synthetic systems for in vivo applications, one of the most important criteria is blood circulation lifetimes and the fate of the nanostructures in the body. As a result, it is important to introduce functional groups that allow for imaging and detection of the nanostructures without any detrimental effect on biodistribution. Consequently, positron emission tomography (PET) was chosen as an imaging technique that is commonly used in clinical practice to detect disease states noninvasively with high sensitivity and specificity. The use of PET to image the distribution of a tracer in vivo relies on the presence of a positron-emitting radionuclide within the molecule. Among the positron emitters, 64 Cu ( + : 0.653 MeV, 17.8%; -: 0.578 MeV, 39.0%) is currently under investigation for both PET and radiotherapeutic applications. 48 Furthermore, because of its half-life (12.7 h), 64 Cu was recently used to evaluate the in vivo distribution and targeting capabilities of polymeric nanoparticles functionalized with tetraazamacrocyclic chelators. 33, [49] [50] [51] Herein, we report the synthesis, via NMP, of a series of welldefined, functionalized PEGylated star-shaped copolymers containing a core-shell morphology with DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) functional groups in the inner shell, which are available for 64 Cu-labeling while at the same time being screened by an outer PEG shell. Within this body of work, star-like copolymers and the linear arm copolymers used to generate them are evaluated in vivo by means of biodistribution experiments and small animal PET imaging.
Experimental Section
Materials. All chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO), including monomethoxy poly(ethylene glycol) (M n 2 kDa), N,N-dimethylacrylamide (DMA), ethylene glycol diacrylate (EGDA, 90% tech), and divinylbenzene (DVB, 90% tech, isomer mixture) and were used without further purification unless otherwise stated. Monomethoxy poly(ethylene glycol) (M n 5 kDa) was purchased from Nektar Co. (San Carlos, CA) and was used as received. Anhydrous grade N,N-dimethylformamide (DMF) was used as a solvent. 1,4,7,10-Tetraazacyclododecane-1,4,7-tris(acetic acid-t-butyl ester)-10-acetic acid (DOTA) (1) was purchased from Macrocyclics Co. (Dallas, TX). 2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide (RH nitroxide) and methyl-(2,2,5-trimethyl-3-(benzylethoxy)-4-phenyl-3-azahexane-poly(ethylene glycol) (Unimer-xkPEG, x ) 2, 5) were synthesized according to the literature, respectively. 52,53 N-Acryloxysuccinimide (NAS) was synthesized according to the literature. 54 64 Cu was prepared in the Washington University Medical School CS-15 Cyclotron by the 64 Ni(p,n) 64 Cu nuclear reaction with a specific activity of 50-200 mCi/ µg at the end of bombardment as previously described. 55 Sets of Centricon tubes (YM-30: MWCO 30 kDa; YM-100: 100 kDa) were purchased from Millipore Co. (Billerica, MA). The aqueous buffers used for 64 Cu-labeling were treated with Chelex-100 resin, obtained from Bio-Rad Laboratories Co. (Hercules, CA), before use. Zeba desalt spin columns (0.5 and 2 mL) were purchased from Pierce. Hi-Trap desalting columns were purchased from GE Health Biosciences Co. (Princeton, NJ). Radiochemical-thin layer chromatography (radio-TLC) was performed on instant TLC plates (Pall ITLC-SG plates, VWR International, Batavia, IL) and read by a Bioscan 200 imaging scanner (Washington, DC).
Characterization.
1
H NMR (200 MHz) and 13 C NMR (500 MHz) measurements were performed on Bruker 200 and 500 MHz spectrometers at room temperature, using the solvent proton signal for reference. Apparent molecular weights (MW) and polydispersity index (PDI) values of polymers were obtained using gel permeation chromatography (GPC), equipped with a differential refractive index (RI) detector (Waters Co., model 2414) and four columns (Waters Co., Styragel HR 0.5, 2, 4, and 5) (Milford, MA). DMF, containing 0.1 wt % LiBr, was used as an eluent (flow rate: 1.0 mL/min) at 30°C; calibration was conducted with linear polystyrene standards. Absolute MW and PDI were obtained using GPC equipped with a multiangle light scattering (MALS) detector (Wyatt Technology Co., DAWN EOS, He-Ne 633 nm laser), a RI detector (Wyatt Technology Co., Optilab DSP and QELS, Santa Barbara, CA), and four columns (300 mm × 8.00 mm, MZ-Gel SD plus 100 Å, MZ-Gel SD plus 10 3 Å, MZ-Gel SD plus 10 5 Å GPC columns); chloroform was used as the eluent (flow rate: 1.0 mL/min) at 25°C. ASTRA software (Wyatt Technology Co., Santa Barbara, CA) was used to determine the absolute MWs. Dynamic Light Scattering. Hydrodynamic diameter (D h ) values of nanoparticles in water were determined by dynamic light scattering (DLS). A Brookhaven Instruments Co. (Holtsville, NY) DLS system, equipped with a model BI-9000AT digital autocorrelator, an Avalanche photodiode detector, and a MG vertically polarized 35 mmV He-Ne 633 nm laser, was used at a fixed 90°scattering angle operated by the 9KDLSW control program. For sample preparation, each copolymer (5 mg) was dissolved in DMSO (0.1 mL), followed by deionized water (2.0 mL), added gradually to make a ca. 0.2 wt % aqueous solution. The solution was filtered through a 0.45 µm PTFE membrane filter prior to measurement. All samples were run in triplicate for 10 min at 25 ( 0.2°C. The D h and particle size distributions were determined by fitting the correlation functions with ISDA analysis software package and applying CONTIN (Brookhaven Instruments Co.).
Radiolabeling of the DOTA Nanoparticles with 64 Cu. The labeling yields for the 64 Cu-labeled copolymers were determined by instant thin layer chromatography (ITLC). Aliquots (1.0 µL) of the labeling mixtures were spotted on ITLC-SG plates (Pall, VWR International Co.) and developed in a 1:1 mixture of methanol and 10% (w/v) ammonium acetate. Radio-TLC analysis was performed on a Bioscan 200 imaging scanner (Bioscan Co.). Radiochemical purity (RCP) of the 64 Cu-labeled copolymers was monitored by fast protein liquid chromatography (FPLC). FPLC and radio-FPLC were performed using an Ä KTA FPLC system (GE Healthcare Biosciences Co., Princeton, NJ) equipped with a Beckman 170 radioisotope detector (Beckman Instruments Co., Fullerton, CA). A 100 µL analyte was injected into a Superose 12 gel filtration column (GE Healthcare Biosciences Co., Princeton, NJ) and eluted with 20 mM HEPES and 150 mM NaCl (aq) (pH 7.3) at 0.8 mL/ min. The UV wavelength was preset to 280 nm, and the radioactivity was monitored by an in-line radio detector.
General Synthesis of PEG-b-P(DMA-co-NAS) Diblock Arm Copolymer (a1-a4). A mixture of Unimer-2kPEG (1.70 g, 0.723 mmol), DMA (10.1 g, 102 mmol), NAS (1.72 g, 10.2 mmol), RH nitroxide (0.0080 g, 0.036 mmol), and DMF (1.35 g) was degassed by freeze-pump-thaw (3 cycles) and sealed under vacuum in an ampule. The vial was then heated at 120°C for 25 h. After quenching the reaction at 0°C in iced water, the ampule was opened. The mixture was dissolved in tetrahydrofuran (THF) and precipitated into cold diethyl ether. The precipitate was then collected and dried in vacuo to obtain a white solid (yield: 10.9 g, 81%, a2 1-4) -(e/d)). A solution of the arm copolymer (a3) (0.685 g, 0.0601 mmol), DMA (0.0600 g, 0.605 mmol), EGDA (0.104 g, 0.611 mmol), and RH nitroxide (0.0006 g, 0.0027 mmol) in DMF (3.40 g, as ca. 20 wt % solution) was degassed by 3 cycles of freeze-pump-thaw, sealed in an ampule, and heated at 120°C for 46 h (desired time in the range of 22-50 h for the other star-shaped copolymers). After quenching the reaction in iced water, the mixture was poured into cold diethyl ether. The precipitate was then collected and dried in vacuo. Fractional precipitation was carried out with an acetone/hexanes combination several times until the remaining arm copolymers were removed to yield a white powder (yield: 0.242 g, 29%, s3-e). 
1,4,7,10-Tetraazacyclododecane-1,4,7-tris(acetic acid-t-butyl ester)-10-acetic acid-N-Cbz-hexamethylene amide(2).
56,57 Compound 1 (1.00 g, 1.75 mmol) and N-hydroxysuccinimide (NHS, 0.502 g, 4.37 mmol) were dissolved in anhydrous DMF (10 mL 
General Procedure for DOTA Conjugation to the Star Copolymers (s(1-4)(e/d)-DOTA).
The star copolymer (s3-e; 50.8 mg) was dissolved in anhydrous DMF (0.200 mL), followed by the addition of a solution of tris(t-butyl) protected DOTA amine (3, 13.7 mg) in anhydrous DMF (0.200 mL). The mixture was then heated at 50°C for 30 h. The solution was poured into diethyl ether to precipitate the polymer. Unreacted 3 was removed by exhaustive centrifugation in a centricon tube (YM-30) with DMF, followed by reprecipitation into diethyl either. The precipitate was collected and dried in vacuo, resulting in a white powder (yield: 35.3 mg, 58% 
O).
General Procedure for Deprotection of tert-butyl Group in the Star Copolymers. Each copolymer (ca. 30 mg) was dissolved in dichloromethane (5.0 mL), and trifluoroacetic acid (TFA, 1.0 mL) was added. The solution was stirred overnight at room temperature and concentrated in vacuo. The residue was dissolved in dichloromethane, triturated with hexanes, and excess solvent was removed in vacuo; the cycle was repeated twice to remove residual TFA. The oily residue was then dissolved in DMSO (15 mL) at 60-70°C, and deionized water (15 mL) was added and stirred for 2 h at the same temperature. The polymeric particles were purified by centrifugation with Centricon tubes (YM-100) in Milli-Q water to eliminate DMSO. After extensive washing, the polymeric particles were then reconstituted in Milli-Q water (3 mg/mL) and stored in a refrigerator at 4°C for further use.
64
Cu-Radiolabeling of DOTA-Conjugated Arm or Star Copolymers. 64 Cu-chloride in 0.5 M HCl (aq) was converted to 64 Cu-acetate by addition of an appropriate volume of 0.1 M ammonium acetate buffer (pH 7.0) to the solution. An aqueous solution of the polymeric particle with deprotected-DOTA (3 mg/mL) was 2-fold diluted with acetate buffer and added to the solution of 64 Cu-acetate (2-5 mCi). After 1 h incubation at 80°C, 10 mM diethylenetriaminepentaacetic acid (DTPA, 5.0 µL) was added and the labeling mixture was incubated for 10 min at room temperature. Zeba desalt spin columns were used to separate the radiolabeled product from residual free 64 Cu and/or complex of 64 Cu/DTPA. The labeling yield was determined by radio-ITLC analysis ( 64 Cu-DOTA-copolymers: R f ) 0.0, 64 Cu-acetate/ 64 Cu -DTPA: R f ) 0.9). After DTPA challenge and Zeba purification, the RCP of the samples was determined by radio-FPLC. Samples with RCP > 95% were used for animal studies.
The product was then diluted with 10 mM PBS (pH 7.4) to prepare appropriate doses for biodistribution and imaging studies. The in vitro stability (in mouse serum and PBS) of the 64 Cu-labeled polymeric particles was evaluated by radio-ITLC analysis at different time points up to 48 h.
The amount of DOTA groups conjugated to the each polymeric species was determined by adding each copolymer (100 µg) with a known amount of "hot plus cold" Cu-acetate (a nonradioactive Cuacetate solution spiked with 50-100 µCi 64 Cu) in ammonium acetate buffer. After 2 h incubation at 80°C and DTPA challenge, the number of DOTA chelates attached to the nanoparticles was determined from counts per minute (cpm) on the ITLC with the following equation 1:
where n(chelates) is the number of chelates in the polymer sample, n(copper) is the number of copper atoms (both hot and cold), and cpm(R f < 0.3) is counts per minute of copper in the lower spot. Biodistribution Studies. All animal studies were performed in compliance with guidelines set by the Washington University Animal Studies Committee. Normal female Sprague-Dawley rats (180-200 g, n ) 4 per time point) were anesthetized with 1-2% vaporized isoflurane and injected with ca. 30 µCi/200 µL of activity via the tail vein (ca. 80-100 µg/kg rat body weight). The rats were anesthetized prior to sacrifice at each time point. Organs and tissues of interest were removed, blotted dry, and weighed. The sample radioactivity was measured in a γ-counter. The total activity in blood was calculated assuming 6% of the rat body weight. Diluted standard doses (1:100) were prepared and counted along with the samples. All the data were corrected for 64 Cu decay. The percent injected dose per gram tissue (%ID/g) and the percent injected dose per organ (%ID/organ) values were calculated using the following eqs 2 and 3:
Small Animal PET Imaging Studies. The imaging studies were carried out using scanners of a MicroPET Focus (CTI-Concorde Microsystems Co.) and a MicroCAT II scanner (CTI-Imtek Co.). Normal Balb/c mice (20-30 g) were anesthetized with 1-2% vaporized isoflurane and injected with ca. 100-200 µCi of 64 Cu-labeled particles (1.5-2 mg/kg mouse body weight) in 150 µL of saline via the tail vein. The imaging sessions were performed at 1, 4, and 24 h postinjection (p.i.). MicroPET and microCT image coregistration was accomplished using a landmark registration technique (by using fiducial markers directly attached to the animal bed) and AMIRA image display software (AMIRA, TGS Inc.). Data analysis of microPET images was performed using the manufacturer software (ASIPRO, CTI-Concorde MicroSystem Co.). Data were calculated in terms of the standardized uptake value (SUV) in 3D regions of interests (ROIs) using the following equation 4:
were performed using Prism v. 4.00 (Graphpad Co.). Groups with P < 0.01 were considered significantly different.
Results and Discussion
Synthesis of PEGylated Arm and Star Copolymers. The modular design of core-shell PEGylated star copolymers involves the initial synthesis of functionalized diblock copolymers containing a dormant propagating chain end followed by cross-linking using a difunctional cross-linker, divinyl benzene (DVB), or ethylene glycol diacrylate (EGDA). As the outer block is designed to be PEG, the synthesis begins with the functionalization of PEG with a living free radical initiator and then growth of a diblock copolymer from this macroinitiator. The second block was chosen to be based on N,N-dimethylacrylamide, due to its water solubility, and N-acryloxysuccinimide (NAS), selected as the reactive inner functionality to enable the covalent attachment of a defined number of tris(tbutyl) protected DOTA amine (TB-DOTA, 3) groups in a postmodification step. The star copolymers, therefore, have three distinctive segments ( Figure 1 ): (i) PEG chains forming the outer corona to impart water solubility as well as biological stealth characteristics, (ii) DOTA ligands within the inner shell of PDMA chains for radiolabeling, and (iii) a microgel core covalently linking the star-like structure. It is important to note that, due to the use of the DOTA metal chelator in this system, all synthetic methodology was designed to be metal-free to avoid trace contamination, hence the use of NMP and active-ester amidation chemistries as synthetic strategies. The use of the controlled free radical polymerization technique was also important for fine control over nanoparticle size that is desired for medical applications.
Commercially available monomethoxy PEGs (MW of PEG: 2 or 5 kDa) were coupled to a chloro-functional NMP initiator to obtain macroinitiators, xkPEG (x ) 2 or 5). As shown in Scheme 1, a series of PEG-b-P(DMA-co-NAS) (a1-a4) copolymers were synthesized from these macroinitiators with acrylic monomers (hydrophilic DMA and NAS for active ester functionality). The addition of 5 mol % of free nitroxide allowed for controlled polymerization of the acrylic monomers, permitting the molecular weight of the vinyl block to be well-defined. 52, 53 The total molecular weights of the arm copolymers were tuned by lengthening the P(DMA-co-NAS) blocks; this approach allowed the synthesis of nanostructures with various outer-and inner-shell thicknesses. For example, a1 and a2 were synthesized from the 2.0 kDa PEG macroinitiator with shorter and longer PDMA blocks, while a3 and a4 were prepared from the corresponding 5.0 kDa derivative with shorter and longer PDMA blocks, as summarized in Table 1 . These linear copolymers were then utilized to synthesize PEGylated star copolymers, with the sizes of the star copolymers, and the numbers of active ester sites per polymer chain tuned specifically.
The ability to preform the functionalized diblock copolymers is a key advantage of this strategy and also enhances significantly the ability to characterize both the diblock and subsequent star copolymers fully. The characteristic signals of the DMA and NAS repeat units in the 1 H NMR spectra overlap in the range of 2.60-3.20 ppm, which complicated the determination of the relative amount of NAS (Scheme 2). To determine the relative amount of active ester, the block copolymer was allowed to undergo reaction with a large excess of isoamylamine (to ensure complete functionalization) and the dimethyl group at 0.87-0.90 ppm, assignable to the isoamylamine moiety, was used to estimate the quantity of NAS in the parent copolymer (Figure 2) . The extent of incorporation of each component of the arm copolymer (DP of PEG/PDMA/PNAS) was then determined (Table 1) . Gel permeation chromatography (GPC) traces of the arm copolymers showed monomodal peaks with narrow distributions, implying that well-controlled diblock copolymers were synthesized (Figure 3) . On the basis of calculations from the 1 H NMR spectroscopy data, the total M n of each arm copolymer and weight percentage of PEG segments were determined, as given in Table 1 . These MWs were in good agreement with the M n s obtained from MALS measurements ( Table 2) .
Building on the pioneering work of Qiao and Matyjaszewski, 35 -37 the star-shaped copolymers were prepared using NMP from PEGylated arm block copolymers (a1-a4), a cross-linker (DVB or EGDA), and DMA in DMF at 120°C (Scheme 3). Each of the 2 kDa/5 kDa PEGylated star copolymers were designed with DVB or EGDA cross-linkers to lead to cores with different levels of reactivity, hydrophobicity, and glass transition temperature. Four different arm copolymers were used to synthesize six star copolymers of various sizes and core functionalities: 2 kDa PEG-b-P(DMA-co-NAS) stars with EGDA core (s1-e), higher molecular weight 2 kDa PEG-b-P(DMA-co-NAS) stars with DVB core (s2-d) or EGDA core (s2-e), 5 kDa PEG-b-P(DMA-co-NAS) stars with DVB core (s3-d) or EGDA core (s3-e), and higher molecular weight 5 kDa PEG-b-P(DMA-co-NAS) stars with EGDA core (s4-e).
The star formation reaction was optimized as follows: the general feeding ratio of the macroinitiator (MI; i.e., arm copolymers, a1-a4) and each monomer was determined to be [MI/DMA/X-linker ) 1/10/10 (molar equiv)] for s1-e, s2-d, s3-d, and s3-e. The reaction of the longer arm copolymers with less reactive EGDA was conducted with slightly higher loading of EGDA ([MI/DMA/EGDA ) 1/10/12 (molar equiv.)] for s2-e and [) 1/10/15 (molar equiv)] for s4-e). The reaction time was also critical to minimize the amount of undesirable high MW impurities, presumably star-star coupled products. The optimal reaction time at 120°C was determined to be 46-50 h for star copolymers with EGDA cores and to be 22-24 h for stars with DVB cores. Purification of the crude star copolymers was carried out by means of fractional precipitation (Figure 4) . The large difference in MW between the arm and star copolymers led to differing solubilities in acetone, thus enabling purification of the star copolymers.
In Table 2 , a library of PEG-containing arm and star copolymers synthesized by NMP are described, including GPC (RI in DMF and MALS in chloroform) and DLS (in water) results. Each arm copolymer and corresponding star copolymer show good agreement between the measurements in GPC-RI and GPC-MALS. According to GPC-MALS data, the number of arms per star copolymer is estimated to be 10-22, depending on: (i) the length of arm copolymer, (ii) the amount of the cross- linker added, (iii) the reaction time, and (iv) the reactivity of the cross-linkers, in agreement with previous work from Qiao.
35
Size Distribution of the Polymeric Nanoparticles. The first parameter explored was the size of the star-like copolymer nanoparticles. The sizes of the arm and star copolymers were evaluated in aqueous media by DLS at 25°C. There was a correlation between D h s of the star copolymers measured by DLS and M n s measured by GPC-MALS. From the largest to the smallest, the size distribution of the star copolymers in water was as follows: the high molecular weight 5 kDa PEG star (70.4 ( 8.8 nm, s4-e) > the high molecular weight 2 kDa PEG star (67.9 ( 8.0 nm for s2-e, 61.4 ( 4.1 nm for s2-d) > 2 kDa PEG star (37.3 ( 7.9 nm, s1-e) > 5 kDa PEG star (33.7 ( 5.0 nm for s3-e, 25.1 ( 2.8 nm s3-d) . Despite the fact that the molecular weight of a1 was less than a3, s1-e was larger than both s3-d and s3-e. This result is likely due to the higher number of arm copolymers per star-shaped structure for s1-e than s3-d or s3-e, respectively (22.1 arms for s1-e compared to 11.1 and 11.9 arms for s3-d and s3-e, respectively). Comparing DVB and EGDA cores in the similar star copolymers (s2-d vs s2-e; s3-d vs s3-e), stars with EGDA cores showed slightly larger D h s. Thus, the diameters of the star copolymers can be modulated through several modifications, including length of arm copolymer as well as PEG chain length, cross-link density, and microgel core structure.
DOTA Conjugation to Arm and Star Copolymers.
Having prepared a range of internally functionalized core-shell star copolymers, the attachment of imaging groups was required. DOTA derivatives have been employed as copper chelators in radiopharmaceuticals 48, 58 and to incorporate the DOTA functionality into the proposed nanostructures an amine-functionalized tris(t-butyl)-protected DOTA (TB-DOTA, 3) was synthesized as shown in Scheme 4. Initial amidation of tris(tbutyl)-protected DOTA with benzyloxycarbamate-protected diamine was performed, followed by hydrogenation to afford DOTA amine (3). 59 The conjugation of DOTA to the star and arm copolymers was carried out in DMF at 50°C. The active ester group of NAS, copolymerized with DMA in the second block of the arm copolymers, enabled this postmodification to afford DOTAconjugated copolymers (an-DOTA, n ) 2-4; sn′x-DOTA, n′ ) 1-4, x ) e,d), which were confirmed by 1 H NMR spectroscopy. While GPC profiles show little change before and after conjugation ( Figure 5 ), a characteristic t-butyl signal assignable to the DOTA molecule appears at 1.49 ppm in the 1 H NMR spectrum of the purified DOTA conjugated arm and star copolymers. The tris(t-butyl) groups were removed under acidic conditions using 10 vol % TFA in dichloromethane, and subsequent purification was conducted by centrifugal filtration with gradual solution change from DMSO to water.
Isotopic dilution assay (IDA) with a mixture of "hot plus cold" copper (a Cu(II) solution of known concentration, spiked with 64 Cu) was run, following the deprotection of the DOTA moieties, to test the conjugation of DOTA to the copolymers Scheme 1. Synthesis of PEGylated Arm Copolymer, PEG-b-P(DMA-co-NAS) in NMRP as well as their availability to bind copper ions in aqueous solution. Initial experiments, in which the DOTA residues were placed in the hydrophobic core, led to essentially no Cu incorporation, demonstrating the necessity for an aqueous nanoenvironment for the DOTA ligands. As a result, the current design, having a hydrophilic DMA chain to carry the DOTA ligands, incorporated between the PEG shell and the hydrophobic core, was employed and shown to increase, dramatically, the extent of Cu binding. However, the number of DOTA groups detected by IDA was approximately 40-70% lower than that calculated by NMR measurements (Table 3) ; this partial availability of DOTA functionalities to bind copper is reasonable due to the shielding created by the layer of hydrated PEG chains forming the outer corona in aqueous solution.
Radiolabeling of the Arm/Star Copolymers. The mediumlived positron emitter 64 Cu (T 1/2 ) 12.7 h) was chosen in order to track the behavior of the copolymers in vivo for an extended period of time (up to 48 h post injection). Successful labeling (specific activity: 5-10 mCi/mg polymer) was obtained by incubating the DOTA-functionalized copolymers with 64 Cu acetate. 33, 49, 60, 61 After 1 h incubation at 80°C, the loosely bound 64 Cu was challenged by the addition of excess diethylenetriaminepentaacetic acid (DTPA), a linear small molecule chelating agent, followed by purification. The radiochemical purity of the purified 64 Cu-labeled copolymers was greater than 95%, as determined by radiochemical-fast protein liquid chromatograpy (radio-FPLC) analysis, indicating that greater than 95% of the radioactive 64 Cu was retained within the nanosized DOTAconjugate after 48 h incubation in rat serum at 36°C in vitro, Figure 3 . GPC profiles of arm/star copolymers in DMF. Each M n and PDI are summarized in Table 2 . Table 2 . Star Copolymers and the Corresponding Arm Copolymers. c Number of arms per star copolymer was determined by the corresponding M n s of star and arm copolymers obtained from GPC-MALS-CF.
GPC-RI-DMF
d Hydrodynamic diameter and size distribution of the polymeric materials in water at 25°C were determined by DLS in CONTIN analysis. demonstrating that the radionuclide was stably bound to the DOTA chelators within the star copolymer. The ability to prepare a library of core-shell star polymers with 64 Cu specifically located within the interior of the nanostructure allowed the effects of nanoparticle size, shell thickness, etc. on biodistribution to be studied in detail.
Biodistribution Studies. Fast elimination of systemically administered nanoparticles from the circulation is a major drawback for the translation of nanotechnologies to the clinic, especially in the field of sustained drug delivery. The clearance from blood is mainly due to particle sequestration by the MPS with consequent high hepatic and splenic accumulation and, possibly, toxic side effects to these organs. 1, 3, 5, 11, 15 Therefore, to evaluate the influence of PEG length, particle size, and core composition on the stealth characteristics of our new nanomaterials in vivo, we focused our interest on blood retention, accumulation in the major MPS organs (liver and spleen), hepatobiliary, and renal excretion following the intravenous injection of 64 Cu-labeled star copolymers in normal Sprague-Dawley rats (n ) 4 per time point). The data for these organs as a function of sample are shown in Figure 6 and Table  4 , and groups with P < 0.05 (one-way analysis of variance and post hoc multiple comparison (Bonferroni's t test)) were considered to be significantly different.
As expected, the linear arm copolymers (a2 and a3) with molecular weights less than 20 kDa disappeared rapidly from the bloodstream (Figure 6A ,B) and did not accumulate in liver (parts C and D of Figure 6 , respectively) or spleen (parts E and F of Figure 6 , respectively). This result is due to the fact that the molecular weights of these linear polymers are below the renal threshold for glomerular filtration 62 and, therefore, undergo rapid urinary excretion (Table 4) . When considering the star copolymers obtained from the 2 and 5 kDa PEG arms, the influence of the PEG length on the blood retention and MPS uptake is striking. Both series of PEGylated nanosystems were present in high levels in the blood throughout the first hour after intravenous injection. However, at later time points, clearance of the 2 kDa PEG star copolymers from the blood was faster than that of the 5 kDa PEG analogs (parts A and B of Figure  6 , respectively). At 48 h post injection, significant amounts of 5 kDa PEG nanoparticles were still circulating in the blood stream, while the 2 kDa PEG stars had cleared. When compared to the linear copolymers, the cross-linked star copolymers were 
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a Estimated by multiplying the number of DOTA calculated from 1 H NMR spectrum and N arm obtained from Table 2 .
b Estimated from [DOTA] and the M n of GPC-MALS-CF obtained from Table 2 .
c Data in brackets were obtained shortly after arm/star were dissolved in solution.
eliminated through the sinusoid capillaries of liver and spleen rather than the kidney glomerulus, and the stars exhibited a slower rate of blood clearance.
Noticeably, the length of the PEG chain used to build the arm influenced the blood retention time more than did the nanoparticle size or core composition ( Figure 6 ). In fact, when considering particles with 5 kDa vs 2 kDa PEG chains, the amounts of s4-e and s3-e circulating in blood were higher than those of s2-e and s1-e, respectively, up to 24 h post injection, despite the similar sizes and core compositions. Conversely, when comparing the blood clearance of particles with the same PEG chain length, no significant differences were observed between s2-e and s2-d after the first four hours, or between s3-e and s3-d at each considered time point, despite the different cores. Similarly, no significant differences were observed between s1-e and s2-e after the first hour, or between s3-e and s4-e after 4 h post injection, despite the difference in sizes. Similar considerations apply to the PEG% content in the nanostructures, which is another parameter that can influence the in vivo behavior of the nanoparticles. 8 In fact, despite similar PEG% content, the 5 kDa PEG-containing structures, s4-e, circulated longer than did the 2 kDa PEG-containing materials, s1-e, up to 24 h post injection, with a similar clearance thereafter.
Eventually, all the intravenously injected particles were eliminated from the blood, even the long circulating ones. 3 In the liver, endothelial cells on the sinusoids, hepatocytes, Kupffer cells, and hepatic stellate cells display phagocytic behavior toward foreign particles and senescent cells. 63 In addition, macrophages located in the marginal zone and in the red pulp of the spleen are involved in the clearance of blood borne particles. 64 The data showed a correlation between the length of the PEG blocks and the hepatic and splenic uptake of the star copolymers. The hepatic accumulation of the 5 kDa PEG s3-e was lower than that of the 2 kDa PEG s1-e at each considered time point (parts C and D of Figure 6 , respectively) regardless of size and core composition. Also, s4-e was taken up significantly less than was s2-e in the first 24 h after administration and reached comparable levels at later time points. Similar trends were observed in the spleen (parts E and F of Figure 6 ). Overall, these findings are noteworthy, as blood circulation and MPS uptake of intravenously injected particles are inversely correlated (i.e., the lower the MPS uptake, the longer the blood half-life).
Interestingly, copolymer size and core flexibility affected the hepatic and splenic uptake more than the blood retention, especially for the 5 kDa PEG-containing stars. In fact, s3-e accumulated significantly slower than s4-e (size effect) and s3-d (core effect) in both liver and spleen (parts D and F of Figure  6 , respectively). In the 2 kDa PEG star series, the trend is less evident, possibly because of the higher variability within each experimental group. However, the biodistribution data showed a significantly slower splenic uptake of the 2 kDa PEG star copolymer with an EGDA core (s2-e) compared to the counterpart containing DVB (s2-d) within the first hour post injection, as well as a faster hepatic clearance at later time points. Again, the presence of a similar PEG% content in particles with 5 kDa and 2 kDa PEG chains did not grant comparable behaviors in the MPS. In fact, s1-e was taken up by the spleen significantly faster than was s4-e within the first hour. On the contrary, no significant difference in liver uptake was found, reasonably due to the fast hepatic accumulation of s4-e.
Small Animal Imaging Studies. The high degree of bioavailability and low MPS uptake for the 5 kDa PEG-based star copolymers allows these materials to be used in a clinical environment for imaging of the circulatory system. As a result, normal Balb/C mice (n ) 2) were administered both the precursor 64 Cu-labeled arm copolymers as well as the corresponding star nanostructures and imaged by microPET Focus (Siemens Medical Solutions) at select time points, post injection. Anatomical information on tracer distribution was obtained by attaching fiducial markers directly to the animal bed and by superimposing microPET to microCT images (microCAT II, CTI-Imtek) using a landmark coregistration technique. Examples of small animal PET projection images obtained after the administration of the core-shell star copolymers (s4-e and s2-e) and a linear arm copolymer (a3) are shown in Figure 8 . The standardized uptake values (SUVs) calculated in 3D regions of interest (ROIs) drawn on select organs of these mice are shown in Table 5 , and additional SUV data are included in the Supporting Information (Table S1 ). Quantitative analysis of the PET images confirms the long blood retention of the 5 kDa PEG-and 2 kDa PEG-containing nanostructures. In fact, the heart and the major blood vessels (aorta, carotid arteries, and vessels in the orbital area) of the mice injected with s4-e and s2-e are clearly visible at each time point. Furthermore, the heart SUV of the mice injected with s2-e decreased faster than that of the mice injected with s4-e, confirming the faster blood clearance of the 2 kDa PEG star copolymer compared to that of the 5 kDa PEG analog. The accumulation of cross-linked star copolymers in MPS organs was also confirmed. The liver was the most noticeable organ in these mice, especially at 4 and 24 h after the administration of s2-e, while both copolymers exhibited little urinary excretion. On the contrary, liver, heart, and blood vessels did not accumulate a significant amount of radioactivity in the mice administered the linear arm (Figure 7 , bottom). In these mice, instead, kidney and bladder were the only visible organs due to fast urinary excretion.
Conclusions
A synthetic procedure for the preparation of functionalized, core-shell star copolymers based on nitroxide mediated living radical polymerization has been developed. By coupling of well-defined block copolymer arms through a core crosslinking strategy, a library of linear arm copolymers containing PEG chains of different lengths and reactive chemical functionalities were prepared and converted into their corresponding star copolymers with defined size and core-shell Cu-labeled star and arm copolymers in Balb/C mice (ca. 1.5-2 mg/kg mouse body weight; ca. 3.7 MBq/ mouse). oa ) orbital area; ca ) carotid artery; h ) heart; lv ) liver; a ) aorta; s ) spleen; k ) kidney; b ) bladder. Red arrows indicate the fiducial markers used for PET/CT coregistration. morphology. The specific placement of DOTA ligands in an internal, hydrophilic environment allowed efficient 64 Culabeling and use of these materials as nanoscopic imaging agents. The biodistribution evaluation in normal rodents has shown a distinct correlation between the length of the PEG grafts and the in vivo behavior of these nanostructures. In fact, the use of arm copolymers containing 5 kDa PEG chains increased the blood retention and lowered the burden in MPS organs, such as liver and spleen, compared to 2 kDa PEG. Not only is a significant improvement for these nanostructured materials observed over conventional small molecule agents as imaging tracers, the dramatic effects of PEG length on the blood retention time and uptake in MPS organs clearly show the benefit of a modular, synthetic approach. Nanomaterials such as these could enhance targeted imaging of disease states and enable novel therapies for lung and cardiovascular injuries. a Data calculated in 3D regions of interest drawn on select organs of Balb/C mice (n ) 2) and corrected for 64 Cu radioactive decay.
